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P
ostmenopausal women with hormone receptorpositive early breast cancer are recommended treatment with an aromatase inhibitor (AI) to systemically inhibit estrogen production, either as primary therapy, or after 2 to 3 years of tamoxifen, for $5 years (1, 2). The profound estrogen depletion achieved with AI therapy causes vulvovaginal atrophy (VVA), manifest mostly as vaginal dryness and dyspareunia (3) . Such symptoms may cause substantial personal distress and feelings of guilt (4), negatively affect relationships and quality of life (5) , and often precipitate treatment discontinuation (6) . Because VVA may be associated with urinary incontinence (UI), the term genitourinary syndrome of menopause (GSM) has been proposed to encompass the broader adverse genitourinary effects of estrogen depletion (7) . Vaginal estrogen therapy is considered first-line therapy for VVA and GSM, but safety in women after breast cancer treated with an AI has not been established (2, (8) (9) (10) .
Three clinical trials have reported alleviation of VVA symptoms with intravaginal testosterone (IVT) therapy in women taking an AI (11) (12) (13) . These studies have not established efficacy because of their open label designs (11, 12, 14) , lack of a control arm (12, 14) , the use of supraphysiological dosages of testosterone that resulted in systemic absorption (11) , and likely poor adherence to AI therapy (11) . This double-blind, placebo-controlled randomized clinical trial was undertaken to establish the clinical efficacy of IVT therapy over 26 weeks in postmenopausal women with invasive breast cancer taking an AI. The predetermined primary outcome was the change in sexual satisfaction, as an index of overall sexual well-being, with secondary outcomes including dyspareunia and vaginal dryness, sexually related personal distress, other measures of sexual well-being, and vaginal health. We also hypothesized that women taking an AI would be likely to report UI because of their severe estrogen depletion, so we included a validated UI questionnaire. The main safety parameter was assessment of sex hormone levels by liquid chromatography and tandem mass spectrometry (LCMS).
Methods

Study design
This was a single-center, randomized, double-blind, placebocontrolled trial conducted in the School of Public Health and Preventive Medicine, Melbourne, Australia, with first enrolment in May 2016 and completion in December 2017. The study consisted of a 4-week screening period plus a 26-week treatment phase involving three study visits during which treatment efficacy of IVT was compared with that of identical placebo. The study was approved by the Monash University Human Research Ethics Committee, Clayton, Victoria, Australia. All participants provided written consent, which included consent to notify their family doctor and oncologist of their decision to participate. Consent from the treating oncologist was obtained in writing unless the participant was referred by her oncologist. The study was funded by an Accelerator Grant from the National Breast Cancer Foundation (Australia) grant no. NT-16-006. The study funder had no role in the study design, conduct, analysis, or reporting of the study findings.
Patient selection
Women were referred by their doctor or recruited via print and electronic news bulletins. Women were eligible for the study if they were $18 years old, had a diagnosis of invasive breast cancer, were taking an AI (anastrozole, exemestane, or letrozole), and were experiencing VVA symptoms such as dryness, soreness, irritation or burning, or dyspareunia for which they desired treatment. Because adjuvant endocrine therapy with an AI is given only to postmenopausal women or women on complete ovarian suppressive therapy, biochemical assessment of menopausal status was not required. Participants were required to have a vaginal pH .5 and a clinically acceptable Papanicolaou smear within the preceding 2 years, if they had a cervix. Women were ineligible if they had unsatisfactory sexual function due to another medical condition, had undiagnosed genital bleeding, or had used vaginal hormonal therapy in the past month or any systemic hormone therapy in the preceding 6 months. We excluded women who had moderate to severe acne, hirsutism, or androgenic alopecia, had any other major medical illness, had a past diagnosis of another cancer other than nonmelanocytic skin cancer, consumed more than three standard alcoholic drinks per day, or were unable to attend the study center for the required visits. Women using a serotonin-norepinephrine reuptake inhibitor (SNRI) or selective serotonin reuptake inhibitor (SSRI) were not excluded. After potential eligibility was ascertained by phone screening, serum estradiol was measured. Women were excluded if, at this point, their serum estradiol level was .10.9 pg/mL (40 pmol/L) because this level was considered indicative of possible AI poor compliance.
Randomization
The computer-generated schedule was created in random blocks of 2, 4, and 6 patients. The randomization schedules were generated and held by P.J.R., who was not involved with the dayto-day conduct of the study. The randomization code was sent to pharmacy staff, who numbered the study medication containers, and participants were sequentially assigned to the next unassigned treatment code at randomization. All participants and study staff, including outcome assessors, remained blinded to the treatment allocation until all analyses were completed.
Intervention
Participants were randomly assigned, in a 1:1 ratio, to treatment with 1 mL of an IVT cream (testosterone 300 mg/mL in VersaBase® cream) or an identical placebo of VersaBase® cream, prepared and dispensed by the Health Smart Pharmacy, Alfred Hospital, Melbourne, Australia. Participants were supplied the cream in an Adapta tip jar with five reusable syringes and instructed to insert the cream nightly for 2 weeks, and then three times a week for the study duration. They were asked to return the containers at 13 and 26 weeks, and containers were immediately weighed. A participant was considered compliant if she had used $75% of the study drug anticipated.
Data collection
Participants underwent a physical examination, including vital signs and pelvic examination, completed the study questionnaires, and had blood drawn for measurement of sex steroids by LCMS at baseline and at 13 and 26 weeks.
Outcome measures
The primary outcome was change from baseline in the satisfaction domain of the Female Sexual Function Index (FSFI) at 26 weeks (15) . Secondary outcomes were assessed as follows. Self-reported vaginal symptoms (dryness, burning, painful intercourse, and dryness during intercourse) were scored from 0 (no symptom at all) to 4 (most severe, including refraining from penetrative sex because of dyspareunia). Physician-rated parameters included vaginal appearance and vaginal pH. Participants were requested to refrain from intercourse for 3 days before each study visit. Vaginal pH was measured with litmus paper held against the lateral vaginal wall. The vaginal surface epithelium was rated from 0 to 4 for secretions, color, epithelial integrity, and surface thickness as previously described (16) . For the vaginal maturation value (MV), a vaginal wall smear was obtained. (18) . A higher score is more favorable for both the questionnaires. Although overlapping in some domains, the PFSF and FSFI capture complementary aspects of sexual well-being and function. The PFSF also includes a single overall rating question, "How would you rate your overall satisfaction with your sexuality?," with options ranging from 1 (poor) to 5 (excellent). Sexually associated personal distress was assessed by the Female Sexual Distress Scale-Revised (FSDS-R), with a score of 11 indicative of distress (19) .
Safety assessments
Serum estradiol (E 2 ) was measured by double-antibody precipitation radioimmunoassay (Pantex, Santa Monica, CA) before randomization and at 13 weeks. The limit of detection was 20 pmol/L (5.45 pg/mL). Testosterone, DHT, E 2 , and estrone (E 1 ) were measured at 0, 13, and 26 weeks by LCMS in the laboratory of Dr. David Handelsman, ANZAC Institute, Sydney, NSW (20) . The assay limits of detection and limits of quantification and within-run and between-run coefficients of variation (%) are total testosterone (0.01 ng/mL, 0.025 ng/mL, 2.0%, 3.9% to 6.5%), DHT (0.05 ng/mL, 0.1 ng/mL, 8%, 6.7% to 13.4%), E 2 (2.5 pg/mL, 5 pg/mL, 6.6%, 4.8% to 8.6%), and E 1 (1.25 pg/mL, 2.5 pg/mL, 4.7%, 4.6% to 7.5%).
Sample size and statistical analysis
The sample size was based on the study of Fernandes et al. (21) that reported a mean difference in FSFI satisfaction domain scores between the intervention and placebo groups at 12 weeks of 1.4 units (SD 1.4). Twenty-one participants in each group provided a power of 90% to find a difference of this magnitude (a = 0.05). The primary analysis was of the change by week 26 in the FSFI satisfaction domain by group allocation adjusted for the value at baseline. Usually studies of VVA treatments are of 13 weeks' duration, but we elected to undertake a 26-week study to evaluate longer-term treatment effects. Where data at week 26 were missing but data had been collected at week 13, a last observation carried forward approach was used because 13 weeks is considered sufficient to capture the treatment effects of VVA therapy. For the vaginal symptoms and self-reported "overall sexuality" from question 1 of the PFSF, ordinal regression was used with the result at week 26 as the outcome variable and group allocation and the value at baseline as the explanatory variables. Linear regression analysis was used for the domains of the FSFI and the PFSF and the total score of the FSDS-R, with the outcome variable being the difference in scores between week 26 and baseline and the explanatory variables being group allocation and the value at baseline. The change from baseline for each of these variables is presented as the median (50th percentile) of the difference and interquartile range (IQR). Analysis was performed in Stata version 12.1, and a P value of 0.05 was regarded as significant.
Results
A total of 110 women contacted the research team about the study. Of these, 45 were ineligible and 21 decided not to participate (Fig. 1) . Forty-four participants, aged 34 to 73 years, were randomly assigned, 22 to each treatment group. Sixteen participants allocated to placebo and 21 allocated to IVT cream provided data that could be evaluated. The treatment groups were similar in terms of age, body mass index, and mean duration and type of AI use (Table 1) . Only 6 women in each group (27.3%) had any UI identified by the Questionnaire for UI Diagnosis.
The median change in the FSFI satisfaction domain was 0.6 units (IQR 0 to 1.4) in the placebo group and 1.2 (IQR 0.4 to 2.0) in the IVT group (Table 2) . This between-group difference in the change in score was statistically significant in favor of the IVT group, according to a nonparametric test (P = 0.046), and remained significant when the mean between-group difference in the change in scores was adjusted for baseline in a linear regression analysis (mean difference 0.73 units; 95% CI, 0.02 to 1.43; P = 0.043) in favor of the IVT group. A between-group difference in the change in lubrication scores [median change 0 (IQR 20.15 to 1.35) in the placebo group and 0.6 (IQR 0 to 2.4) in the IVT group] was statistically significant according to a nonparametric test (P = 0.046), but the mean betweengroup difference in the change in scores (0.76; 95% CI, 20.21 to 1.72; P = 0.12) did not remain statistically significant when adjusted for baseline. There were no other between-group differences for the change in scores adjusted for baseline for any of the other domains of the FSFI.
The median change in the PFSF sexual concerns domain was 6.7 units (IQR 26.7 to 13.3) in the placebo group and 13.3 units (IQR 6.7 to 40.0) in the IVT group, and according to a nonparametric test this difference was statistically significant (P = 0.033) in favor of the IVT group. When the mean between-group change in score was adjusted for baseline, in a linear regression analysis, the difference of 26.40 (95% CI, 13.14 to 39.66) remained significant (P , 0.001). Similarly, for the PFSF sexual responsiveness domain, the median change in the placebo group was 25.7 (IQR 214.3 to 12.9) and in the IVT group was 17.1 (IQR Figure 1 . Flow of study participation. 8.6 to 25.7). According to a nonparametric test, this between-group difference in the change in score was significant (P = 0.003) in favor of the IVT group and remained so when the mean between-group difference of 21.88 (95% CI, 11.64 to 32.11) was adjusted for baseline (P , 0.001). At baseline 13 of 22 participants in the placebo group rated their overall satisfaction with their sexuality as poor, along with 10 of 22 participants in the IVT group. At 26 weeks, 8 of 16 participants in the placebo group still rated their overall sexual satisfaction as poor, whereas only 2 of 21 in the IVT group did so. At 26 weeks, only 1 woman in the placebo group, compared with 5 in the IVT group, rated their overall satisfaction with their sexuality as at least very good. In the ordinal regression for this PFSF item at 26 weeks, the IVT group was more likely to have a higher score (ordinal regression = 7.52 per unit; 95% CI, 1.86 to 30.41; P = 0.005) adjusted for the baseline score.
All 22 participants in the placebo group and 20 of the 22 participants in the IVT group had a baseline FSDS-R score of $11. The mean difference between groups in the change in the FSDS-R total score, adjusted for baseline, was 210.28 (95% CI, 218.89 to 21.67) in favor of the IVT group (P = 0.02).
We tested the impact of including terms for each of age and SSRI or SNRI use in our analyses of each of the domains of the PFSF, the FSFI, and the FSDS-R total score. In no case did either age or SSRI or SNRI use make a statistically significant contribution to the outcome. Furthermore, the inclusion of each of these variables did not change the treatment effect for any of the domains in which a benefit was observed.
At week 26 vaginal dryness and painful intercourse were significantly less severe in the IVT group than in the placebo group (P = 0.009 and P = 0.031, respectively) ( Table 3) . Of the clinical examination parameters, the only between-group difference that was statistically significant was vaginal surface thickness, which was in favor of the IVT group (P = 0.009) (22) . The median vaginal MVs were similar at baseline in the placebo and IVT groups (14, IQR 5 to 28; and 11, IQR 5 to 34, respectively). At 26 weeks, the median vaginal MVs increased in the placebo group (24, IQR 10 to 47) and the IVT group (29, IQR 19 to 45). In a linear regression analysis of change in MV adjusted for baseline, the between-group difference was not statistically different (b = 3; 95% CI, 29 to 15; P = 0.62). There were no between-group differences for the reporting of any UI symptoms at 26 weeks, adjusted for baseline status. There were no between-group differences for the serum levels of any of the sex steroids at baseline and no statistically significant between-group differences in any sex steroid at week 26 (Table 4) .
Discussion
This double-blind, randomized, placebo-controlled trial demonstrates that low-dose IVT significantly improves sexual satisfaction and sexual responsiveness, alleviates vaginal dryness and dyspareunia, and reduces sexual concerns and sexually associated personal distress in women with breast cancer taking an AI. IVT also resulted in a significant improvement over placebo in overall sexual satisfaction. IVT was not associated with increased sexual desire or arousal above that of placebo. Estrogenic effects of lowering of vaginal pH and increasing vaginal epithelial superficial cells were not seen, and UI symptoms did not change. There was no evidence of systemic testosterone absorption, as evidenced by no increase in testosterone, E 2 , or E 1 levels.
Sexual satisfaction was selected as the study primary outcome for this study, because it captures both sexually associated physical discomfort and psychological well-being. The parameters that exhibited statistically significant improvement with IVT above placebo provide a clear pattern of treatment response. Reduced vaginal dryness and dyspareunia, less sexually associated distress and improved responsiveness, translated into increased sexual satisfaction and lessening of sexual concerns.
Androgen receptors (ARs) are widespread throughout the vagina and lower urinary tract (23, 24) , and the current study offers important insights into testosterone in these tissues. Specifically, the use of IVT with concurrent AI therapy, and with a placebo control, has enabled us to examine the direct effects of testosterone on the urogenital tract. Studies of postmenopausal women not taking AI therapy have demonstrated estrogenmediated effects of both systemic and vaginal testosterone consistent with local aromatization of testosterone to E 2 (25) . These estrogen-mediated effects include an increased proportion of vaginal superficial cells and their glycogen content (26, 27) , lowering of vaginal pH, and improved vaginal health scores (28) . Increased vaginal cell maturation was observed only when IVT was coadministered with vaginal estrogen (29) .
In the current study IVT was not more effective than placebo in restoring vaginal epithelial maturation and vaginal pH, indicating that aromatization is needed to achieve these effects. Similarly, Witherby et al. (12) , in a study of women using AIs, compared two doses of IVT (150 mg and 300 mg) and found no effect on vaginal pH. Although more superficial cells were seen in vaginal smears from the higher-dose group, there was no control group, so this may not have been a testosterone-induced effect (12) . Both oral and topical vaginal estrogen increase vaginal vascularization, but vaginal estrogen has been associated with greater improvement in vaginal blood flow than oral estrogen therapy, despite oral estrogen resulting in much higher circulating E 2 levels (30). We hypothesize that IVT alleviates vaginal dryness and dyspareunia by increasing local blood flow. Because our study participants were all taking an AI, local blood flow effects would probably be mediated directly by the AR. ARs have been identified in vaginal mucosa and vascular endothelium (31) . Testosterone is a vasodilator and increases vaginal blood flow (32) (33) (34) . In the current study, all physician-reported indices of vaginal health, including vaginal color, moved in a favorable direction in the IVT group. The lack of statistically significant between-group differences for the clinical vaginal assessments may have resulted from insufficient study power for these parameters. In addition, vaginal AR density is lower after menopause and increases with testosterone exposure (23, 31 ). An even longer treatment period may be needed for complete vaginal blood flow effects to be achieved. Increased selfreported vaginal lubrication was also significantly greater in the IVT group, although it did not remain significant after adjustment for baseline differences.
An unexpected finding was the low prevalence of UI symptoms in the study participants, compared with women in the general population (35) , despite their profound estrogen depletion. A lower-than-expected frequency of UI symptoms, assessed by the Questionnaire for UI Diagnosis, was also found in an observational study of women on AI therapy (36) . Estrogen receptors are present throughout the lower urinary tract and pelvic floor muscles (37) , yet clinical evidence that estrogen deficiency directly contributes to UI is lacking. In contrast, there is increasing evidence that testosterone may be important for lower urinary tract function. In a rat model of stress UI, testosterone has both preventive and curative effects (24, 38) , which persist with concurrent aromatase inhibition (39) . Furthermore, a recent analysis of data from the National Health and Nutrition Examination Survey found that women in the lowest quartile of serum testosterone were significantly more likely to have stress or mixed UI, after adjustment for a number of variables (40) . Hence, there is a compelling case for additional studies of IVT as a local treatment of postmenopausal UI.
There are several reasons why significant increases in sexual desire and arousal were not observed in our study. Our study was not powered to assess all domains of sexual function, notably desire and arousal. Therefore, the lack of any statistical improvement in these other domains could reflect our small study size. AIs inhibit conversion of testosterone to E 2 , so the participants did not have notably low serum testosterone levels at baseline. Therefore, there was no increase in circulating sex steroid levels to mediate a central effect on desire or arousal. We also expected that the women most likely to participate would be those interested in sexual activity but limited by discomfort, not women with low sexual desire or an impaired capacity to become aroused. The improvements in self-reported sexual function in previous uncontrolled studies of IVT were probably due to a placebo effect, which was also present in our study and is known to be substantial for sexual outcomes (41). Melisko et al. (11) reported that IVT increased sexual interest in women on AI therapy. However, the IVT dosage used in their study was 5000 mg, three times per week. This resulted in supraphysiological total testosterone levels, as measured by LCMS (mean 171 ng/dL and median 67 ng/dL), such that a central effect on libido was not surprising (11) . The strengths of this study are the double-blind, placebo-controlled design, use of validated questionnaires, and measurement of sex steroids by LCMS. The main limitation was a greater number of discontinuations in the control group. This is not uncommon in studies of sexual function and difficult to avoid when study participants perceive no treatment benefit (42, 43) . Recruitment was limited by potential participants and their doctors being apprehensive about a study involving "hormone therapy" after a diagnosis of invasive breast cancer.
Studies of transdermal testosterone therapy, of #2 years' duration, have shown no differences from placebo in adverse events or serious adverse events, including on metabolic variables (41) . Transdermal testosterone therapy has been associated with increased hair growth but not with increased facial hair, alopecia, or voice change (41) . Although there was no evidence of absorption with the IVT dosage used in this study, higher dosages can result in increased serum testosterone. Therefore, if women taking an AI with VVA elect to be treated with IVT, they should be monitored with regular serum sex steroid levels measured by a sensitive technique.
In conclusion, testosterone has important direct urogenital effects in women, and low-dose IVT offers a therapeutic approach to alleviate vaginal dryness and dyspareunia and improve sexual well-being in women taking an AI. This finding warrants confirmation in a larger clinical trial. The potential use of IVT for management of UI merits additional investigation.
